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S1. TDTR FITTING

To increase the sensitivity of our TDTR measurement to the in-plane thermal conductivity of the
AlSc films, we use a 1.2 MHz pump modulation frequency in conjunction with a 20x objective to
provide a relatively small spot size with a 1/e? effective diameter of 4.4 um. We use a three-layer
heat diffusion model to determine the in-plane thermal conductivity of aluminum scandium fitting
for both the in-plane and cross-plane thermal conductivity of aluminum scandium for the 25 °C
150 °C, and 300 °C films, and solely fitting for in-plane thermal conductivity for the 450 °C and
25 °C annealed films.!? Because the 450 °C and 25 °C annealed films have significantly higher
thermal conductivities we become insensitive to their cross-plane thermal conductivity and thus
can fit for only in-plane thermal conductivity. Our fitting results, shown in Table S1, indicate
isotropic thermal conductivity within uncertainty, which is expected for randomly oriented
polycrystals such as our films, and are shown in Table S1.% Fig. S1 exhibits an example best-fit of
the thermal model compared to the ratio of the in-phase and out-of-phase data (—Vin/Vou) for the
25 °C annealed film. The parameters for our thermal model are depicted in Table S2.

Table S1. Thermal conductivity results for our aluminum scandium films.

K (WmT KD | Ak, (W m' K) K, (Wm'K")
25°C 8 3.8 7.13
150 °C 8.6 4.0 11.2
300 °C 11.0 4.1 13.5
450 °C 34.1 8.6 34.1
25 °C annealed 67.5 14.1 67.5




Table S2. Parameters used in sensitivity analysis and the thermal model to determine the in-

plane thermal conductivity of aluminum scandium.

Thermal conductivity Heat capacity, | Thermal boundary conductance
Wm!K! MJ m3 K! MW m2 K!
2.302
AlSc ] (Ref. 4) ]
AlSc/Si0 - - 52.6
Si0 1.35 (isotropic) 1.62 i
2 . sotropic (Ref. 5)
: . 230
Si0,/Si - - (Refs. 5.6)
Si 130(isotropic) 1.65 i
(Ref. 7) (Ref. 6)

To determine the thermal boundary conductance of aluminum scandium and SiO; as well as the
thermal conductivity of SiO2, we use TDTR with a high modulation frequency (8.4 MHz) and
large spot size (1/€? diameter of 11 pm for the probe and 19 um for the pump) scan of the annealed
film. These factors in combination with the annealed film having high cross-plane thermal
conductivity results in a TDTR measurement that is sensitive to the thermal conductivity of SiO».
This measurement also has high sensitivity to the thermal boundary conductance between
aluminum scandium and SiO», however, because of the nature of our measurement this thermal
boundary conductance pathway is a relatively small thermal resistance compared to the other
thermal resistances resulting in the measurements for our other films being largely insensitive to
it. By using this method, we obtain a value for the thermal conductivity of SiO; and the thermal
boundary conductance between aluminum scandium and SiO; that we then hold constant when
fitting for in-plane thermal conductivity across our low modulation frequency measurements.
Sensitivities for these measurements are shown in Fig. S2, and details on the methodology used

for this sensitivity calculation can be found in previous works®?. The uncertainty in our TDTR




measurements is calculated using Eq. S1 which accounts for spot-to-spot deviations as well as

uncertainties in both the assumed thermal properties and fitting procedure.'?

A= J(Gz) + (XA + (07) (S1)

Where A is the total uncertainty, o is the standard deviation among multiple measurements across
different spots, o, is the contour uncertainty due to fitting assumptions, and A; is the uncertainty
due to an individual parameter. For our in-plane thermal conductivity uncertainty we assume a
10% uncertainty in aluminum scandium heat capacity, SiO; thermal conductivity, spot size, and
the thermal boundary conductance between aluminum scandium and SiO» This range of
uncertainty is typical in most TDTR measurements.!®!! We calculate the uncertainty due to our
fitting procedure via the method outlined by Feser et al.'> comparing the residual between our fit
and the experimental data for the assumed thermal parameters in our model. For all of our in-plane
thermal conductivity measurements, we are highly sensitive to the thermal conductivity of the
Si0», as indicated in Fig. S2. Thus, by calculating a 2D residual contour of the in-plane thermal
conductivity against SiO thermal conductivity, we obtain a direct indication of the uncertainty in
our fit due to the assumed SiO» thermal conductivity. Examples of these residual plots are shown
in Fig. S3 and Fig. S4 for the 150 °C film and 25 °C film respectively. For all of our measurements
except for the 25 °C film our fitting procedure had low residuals of less than .01 and for these
measurements we used a residual threshold of .025 to bound our fit indicating that any fit with a

residual under .025 is acceptable and contributes to our uncertainty.
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Figure S1. Example fit for the low modulation frequency 450 °C film data. This results in a best

fit in-plane thermal conductivity of the film of 34.2 W m™! K1,
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Figure S3. Residual plot for the 150 °C film. The shaded region indicates the .025 residual
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Figure S4. Residual plot for the 25 °C annealed film. The shaded region indicates the .025
residual region.



S2. Electron-phonon coupling measurements.

We further study the scattering mechanisms in aluminum scandium alloys employing an ultrafast
(sub-picosecond) pump-probe technique with wavelength tunability into the infrared allowing us
to monitor the Drude thermoreflectance response of these alloys. In this technique, a Nd:YVOg4
laser operating at | MHz with a central wavelength of ~1040 nm is split with one half being sent
into a pump path that is then frequency doubled to 520 nm, and the other being a lower energy
probe path. The probe path is sent into an optical parametric amplifier (OPA) which provides
wavelength tunability from the visible to near infrared (up to 2500 nm). For our 3000 nm
measurements, we use a similar setup utilizing the same Nd:YVOq laser operating now at 500
kHz. This setup uses a separate OPA which has wavelength tunability spanning from 2 um to 16
um, We measure the pump pulse duration by fitting the thermoreflectance signals of Pt. In this
experiment, we pump the electrons in aluminum scandium films out of equilibrium with the
phonons using our 520 nm pump laser. Then we probe the thermoreflectance of the heated
aluminum scandium as a function of pump-probe delay time for each film where the changes in
the dielectric function with temperature are driven by intraband transitions in the aluminum-
scandium, and thus dominated by the lattice temperature changes.!*!¢ Measurements were taken
at 1900 nm for the 25 °C annealed sample and the 450 °C sample. However, for the 150 °C sample
measurements were taken at 3000 nm due to the Drude regime being further into the infrared,

which we determine based on reflectivity measurements as a function of wavelength for our probe



beam as well as ellipsometry measurements for the 150 °C film. Sample thermoreflectance
measurements are shown in Fig. S5. The ellipsometry data was acquired using an M-2000 (M-

2000 J.A. Woollam Company) and are shown in Fig. S6.
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Fig. S5. a) Thermoreflectance measurement of the 25 °C annealed film taken at 3000 nm. b)
Thermoreflectance measurement 25 °C annealed film taken at 1900 nm. The temporal trends in
thermoreflectance on these films are very similar despite the difference in probe wavelength

demonstrating the Drude regime for these films.
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Fig. S6. a) Imaginary part of dielectric function of the 150 °C (black) and 450 °C film (red)

obtained from ellipsometry. b) Lorentz peaks used in our model.



The ellipsometry data was modeled utilizing Lorentz oscillators to capture the interband transition
of our films and a Drude oscillator for the free electron response. We measure increased
broadening for the case of the 150 °C film, which has been shown in literature to occur for

disordered alloys,'” and supports the Drude regime being further into the infrared for this film.

S3. Electron-phonon coupling analysis.
We fit our ultrafast pump-probe thermoreflectance data described in Section S2 to the transient

lattice temperature profile, as calculated by the two temperature model,'® given by

oT
C, a—: = V(k,VT,) — G(T, = T)) + S(x,t) (S2)
aT,
Cl E == V (KIVTI) + G(Te - Tl)

where C, and C, are the electronic and lattice heat capacities, respectively, 7, and 7, are the

electronic and lattice temperatures, respectively, k, and k;, are the electronic and lattice thermal
conductivities, respectively, S is the source term, and G is the electron—phonon coupling factor.

The source term is represented by the following equation!®2!:

_ 1.76]_ ,[(1.76(t, —t)\| dI
.S'(x, t) = (1 - Ropt)ﬁ sech l(T) a (53)

In this equation, R, represents the surface reflectivity, J is the incident fluence, t,, represents the
pulse width of the pump pulse,% is the light intensity profile determined via transfer matrix

method?? with optical constants at the pump wavelength of 520 nm, and t, is an arbitrary
horizontal shift term in case experimental data is off-center from ¢ = 0. We measure the input
power and the spot-size before each measurement to determine J. We use a two-layer model for
our analysis consisting of aluminum scandium and SiO», and the constants used in our TTM model

can be found in Table S3.
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Table S3. Parameters used for two-temperature model analysis. Parameters labeled Fit were

determined from TDTR measurements.

Parameters AlSc SiO; AlSc¢/SiO2
Electron heat capacity coefficient 135 0 i
vy I m3 K?) (Ref. 23)
Electron thermal conductivity Fit 0 i
kKo(Wm'k?
Phonon thermal conductivity 3 Fit i
Kk, (Wm'kh (Ref. 24)
Phonon heat capacity 23 1.62
C, (MJ m>K") (Ref. 4) (Ref. 5) )
Refractive index .52+4.98i 1.46
A(520 nm) (Ref. 25) (Ref. 26) )
Electron thermal boundary conductance ) i 0
(MW m? K1)
Phonon thermal boundary conductance i i Fit
(MW m? K1)

Since our alloys consist of 80% aluminum, we assume refractive index and electronic heat
capacity coefficient of aluminum in our analysis. Equations S2 and S3 are solved numerically used
the Crank-Nicolson method,!*?” with a timestep discretization of (dt = 25x10°!> s) and space of

(dx=0.5x10" m) chosen to ensure numerical stability for given material parameters listed in Table

S2.

We calculate the lattice and electron temperature from the thermophysical properties listed in
Table S2 using TTM simulations. The use of an infrared probe allows us to probe the changes of

thermoreflectance of our films in the Drude regime in which the thermoreflectance of our films is

11



directly proportional to the lattice temperature.'* Thus we can convert the TTM simulation into
the thermoreflectance response by calculating the normalized lattice temperature and comparing
it to the normalized reflectivity from our thermoreflectance measurements using this model. Both
the model and the experimental data are normalized at the peak thermoreflectivity. We then fit for
G using data up to 30 picoseconds of pump-probe time delay. We choose this time range as it
provides the early time (few picoseconds) sensitivity to electrons first coupling to phonons in
addition to sensitivity to the diffusive process of electrons conducting through the film and then
transferring their energy to the phonons through the form of electron-phonon scattering. We plot
the early time thermoreflectance response comparing the rise rate of the 150 °C film to the 450 °C

film in Fig. S7.
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Fig. S7. Thermoreflectance measurement 450 °C sample at 1900 nm in black compared to the
thermoreflectance measurement of the 150 °C sample in red. The time it takes for each curve to
reach a normalized dR/R of 0.95 is indicated by tsise, and it can be seen that trise,150, the rise time of
the 150 °C sample, is shorter than tise 450, the rise time of the 450 °C sample, indicating that the

150 °C film has larger electron-phonon coupling than that of the 450 °C film.

12



While performing the TTM analysis we verify if the fitting parameters of TTM have sufficient
sensitivity in determining G accurately. Depending on the quality of the data there exists a range
of electron-phonon coupling values for AlSc in our measurements that could be considered as
acceptable fits. To determine this uncertainty, we use a type of residual analysis that characterizes
the similarity of various fits between the experimental data and our model. We generate the
thermoreflectance curve using TTM for a given best-fit set of material properties (Table S2) and
then solely perturb G and re-fit. How close this modified curve is to the experimental data, in
comparison to the best-fit curve, determines the uncertainty bounds on our analysis. To quantify

this, we use the following equation from Feser et al.!%:

Z(G) = \[Z[dR(t;GexaCt)_dR(t; Gperturbed)] 2 . (84)

Y dR(t; Gexact)?
The plot of Z(G) shows the similarity between fits where the curvature on each side of the best-fit
value describes how changing the electron-phonon coupling is affecting the uniqueness of fit. A
steeper curvature indicates a very tightly bounded best-fit whereas a gradual curvature dictates a
best-fit value that is hard to distinguish and has a very large uncertainty in fitting. We choose a
1% residual threshold within which the TTM model generates the same quality of fit to the
experimental data as shown in Fig. S8. We include this 1% residual uncertainty to the uncertainty
in our G calculations. We also notice that the lower and upper bounds of error bar are asymmetric:
the curvature is more gradual for higher electron-phonon coupling factors, thus indicating that

electron-phonon coupling is affecting the curve less as it increases to higher values.

13
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Fig. S8 a) Residual analysis of the 450 °C film. The dashed line indicates the minimum residual
(best-fit of G=2.8x10'7 W m™ K-!) plus 1%. The upper and lower bounds are indicated by the
arrows. b) Residual analysis of the 150 °C film. The dashed line indicates the minimum residual

(best-fit of G=5.7 x10'7 W m™ K1) plus one percent.

S4. Electron-phonon coupling sensitivities.

The TTM is suitable to measure the electron-phonon coupling in metals so long as there exists a
temperature difference between the electron and phonon channels to drive this coupling. Our TTM
predictions show deviations in the electron and lattice temperature that last up to thirty
picoseconds, indicating that we have long-time sensitivity to the electron-phonon coupling factor,
contrary to a number of prior works using only the first few picoseconds during/after laser heating
to measure G.23% As k, is much greater than k; in our measurements, this results in electron
thermal conductivity being the primary mechanism for thermal diffusion. When combined with a
sufficiently high electron-phonon coupling factor, temperature differences between the electron
and phonon channels last for longer times at the surface of the sample. 3¢ This is due to electrons
efficiently diffusing heat away from the surface after laser heating, the phonon system remains at

ambient until sufficient energy is lost from the electrons to the lattice. When the electrons begin

14



to lose energy to the lattice, the phonon system heats up, but the efficient electronic diffusion (i.e.,
high electronic thermal conductivity) continues to spatially transfer energy away from the probed
volume. So conceptually, during every measured time-step when electrons lose energy to
phonons, the relatively rapid electronic diffusion creates a local nonequilibrium between the
electrons and phonons, leading to a sluggish phonon temperature transient that is out of
equilibrium with the electrons due to the low phonon thermal conductivity not being able to diffuse
heat out of the surface as rapidly as the electrons. Thus, the ability to probe this lattice temperature
response (heating up from the electrons and subsequent slow diffusion away from the surface)
allows for resolution of electron-phonon coupling over longer pump-probe delay times than

measuring only the hot electron decay over a few picoseconds during/after laser heating.

To quantitatively test this sensitivity concept discussed above, we calculate the sensitivity of our
model to the electron-phonon coupling factor. We first perform TTM simulations in the regime
where k, =0 Wm! K'! and G =1.8x10'7 W m3 K™!, where the long-time curvature should be
dictated by the lattice thermal conductivity and electron-phonon coupling should occur quickly;
this plot is shown in Fig. S9a. A similar result should arise if the lattice thermal conductivity is
much greater than the electron thermal conductivity which we test by setting k; = 2000 W m™! K-
I this plot is also shown in Fig. S9b. Next, we test the limit where electron-phonon coupling is
extremely high by setting G = 1x10?°> W m3 K™! with all other thermal properties being those of
the 25°C annealed film, which results in no difference in electron and phonon temperatures at all
times relevant to our pump-probe measurements, as shown in Fig. S9¢. When setting G = 1x10!°
W m K! for the same thermal conductivity values as in Fig. S9¢, we see the emergence of a
temperature difference between the two channels due to the slow coupling of energy between

electrons and phonons (Fig. S9d).
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Thus, in these four extreme cases, we see that the sensitivity degree of electron-phonon
nonequilibrium during ultrafast laser heating can be defined by the ratio of k, /G, as when electron
phonon coupling decreases or electron thermal conductivity increases the degree of non-
equilibrium increases and thus long-time sensitivity to electron-phonon coupling is increased. This
is further emphasized by the temperature response of our aluminum scandium films (Fig. S10)
where the 450 °C film, the sample with the highest electronic thermal conductivity, has the longest
duration of non-equilibrium. Further, the 150°C film, which we found to have the highest G
(~6x10'"7 W m= K!) and lowest electron thermal conductivity (k, = 8.6 W m™' K), has the
shortest non-equilibrium duration. This is a direct result of faster coupling between the electron
and phonon subsystems thus reducing the temperature lag between electrons and phonons. This

sensitivity has been described additionally in previous works.*
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Fig. S9 a) Lattice and electron temperatures plotted against delay time for the case of a) k, =0 W

m! K, b) k, =2000 W m™! K-1, ¢) G=1x10* W m3 K'!, and d) G=1x10'® W m K! all other

thermophysical parameters used are those of the 25°C annealed film.
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SS. Microstructure Characterization
AFM was performed using a Asylum Research Cypher-S instrument in AC mode at tip resonance.
A Budget Sensors Tap300Al-G cantilever was used (40 N m! force constant, 300 kHz resonance

frequency). The average grain size was measured by the Hillard ASTM E112 single circle
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procedure, 13 total were done with 3 randomly sized and placed circles to obtain average grain

size as well as the standard deviation. Sample AFM images are shown in Fig. S11.

3 nm

Fig. S11 AFM images for the 25°C un-annealed sample a) the 150°C film b) the 300°C film c)
and the 450°C sample d). The grain sizes were found to be 48 + 1 nm, 50 + 3 nm, and 65 + 1
nm for the 150°C, 300°C, and 450°C films respectively. The grain size for the 25°C un-annealed

sample was not able to be determined.

In addition to the AFM images we show high-angle annular dark-field scanning transmission
electron microscopy (HAADF STEM) images adapted from Esteves et al.*! for the 150 °C film

Fig. S12 and the 450 °C film Fig. S13 indicating increased crystallinity for the 450 °C film.
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Fig. S12 HAADF STEM image for the 150 °C film a) and the Fourier transform of the indicated
region b) which shows the 100 reflection that is unique to the space group of Al;Sc. Reprinted
from Vacuum, 200, G. Esteves, Formation of Al3Sc in Al0.8Sc0.2 thin films, Page 7, 2022, with
permission from Elsevier.
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Fig. S13 HAADF STEM image for the 450 °C film a) and the Fourier transform of the indicated
region b). The 011 and 121 reflections are unique to Al3Sc. Reprinted from Vacuum, 200, G.
Esteves, Formation of Al3Sc in Al0.8Sc0.2 thin films, Page 7, 2022, with permission from
Elsevier.
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S6. Thermal Conductivity Analysis & Estimation

For our thermal conductivity measurements, we measured the largest deviation between the values
calculated via the WFL and the mean value from our TDTR measurements for the case of the 450
°C film. We attribute the deviation in thermal conductivity and WFL derived thermal conductivity
to a possible Lorenz number deviation for our films. For our WFL calculated thermal
conductivities we used the room temperature Sommerfeld value of the Lorenz number Lo = 2.45
x 108 W Q K. 1t is possible that the chosen Lorenz number is not accurate for the samples with
greater formation of Al3Sc as opposed to the solid solutions. In fact, it has been shown in multiple
metallic alloys that the Lorenz number could be up to 30% smaller than Lo.*>~** This deviation
was attributed to additional inelastic electron-phonon scattering processes that could be occurring
at the surface of the film or at grain boundaries. As the grain sizes for our film are also on the
order of the film thicknesses, such as in the aforementioned studies which monitor deviations in
Lo, we posit that we could be seeing a similar reduction in Lo due to inelastic electron-phonon
scattering processes. For illustration we assume a slightly smaller reduction to Lo of 20% and plot

our Figure 2 with the adjusted WFL thermal conductivities as Fig. S14.
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Fig. S14 In-plane thermal conductivity plotted against deposition temperature comparing TDTR

data (red) against WFL calculated data assuming a Lorenz number of Lo =2 x 108 W Q K.

In addition, we quantify the electron-phonon coupling contribution to our thermal conductivity
trends by performing a rough calculation based on kinetic theory. First, to estimate the contribution
of electron-phonon coupling to the thermal conductivity, we utilize the following equation to

calculate the electron-phonon scattering rate under the assumption that Tg >> Ty !323:

mem?n,C2
67T,

Where me, n, ,T._p, Cs, and G are the effective mass, electron density, electron-phonon scattering

rate, speed of sound and electron-phonon coupling factor respectively. We assume the effective

mass of AlzSc as being the rest mass of an electron and for the electron-phonon coupling factor
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we use our results from the TTM analysis. We calculate the electron density as 5.5 x 10% m?
using the fermi velocity for AlsSc determined from Adelmann et al.*® For the speed of sound, Cj

, we use a value of 5266 m s! calculated from averaging the longitudinal and transverse speed of

sound of AlzSc*:

C_11+2 1
ST 3y, VT]

Where V,, and V; are the longitudinal and transverse speed of sound respectively. According to
the kinetic theory, k, = % Ce v]? T, where C, is the electronic heat capacity, vy is the fermi velocity,

and 7, represents the total electronic scattering rate. Thus, by determining the total electron
scattering rate, fermi velocity, and electronic heat capacity we can obtain an estimate for the
electronic thermal conductivity. We use the fermi velocity as that of Al3Sc and the electronic heat

capacity as that of AL23%

In addition to electron-phonon scattering, we also consider the contribution of electron-electron
scattering to the total electron scattering. We calculate the electron-electron scattering time, 7,_,,
from the fermi-liquid theory*’*® using the properties of aluminum, which we find to be 3
femtoseconds. Then, to calculate the total electronic scattering time, we then apply Matthiessen’s

rule:

1 1 1
=—+
Te Te—p Te—e

Electron phonon coupling is plotted against our calculated values and the experimental values for

comparison in Fig. S15. Here we see that our calculation is closer to the experimental thermal
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conductivity results for the higher deposition temperature samples. We believe this results from
the model failing to account for other scattering mechanisms such as defect scattering, which
would occur more frequently in the more heavily disordered lower deposition temperature

samples, ultimately resulting in our calculation over-predicting their thermal conductivity.

= Experimental
v Theoretical

Al (G = 2.45x10"77 Wm3 K ™)

1017.|.|.|.|.|.|.|..
0 10 20 30 40 50 60 70 80 90

K (W m™ K

Fig. S15 Electron-phonon coupling plotted against in-plane thermal conductivity comparing our

results (black) and our calculated values (red).
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